The reduction of hexavalent chromium, Cr(VI), by hydrogen peroxide in both buffered and non-buffered aqueous solutions was investigated as a function of concentration, pH, ionic strength, effect of radical scavengers, temperature and pressure. The rate of the reaction between Cr(VI) and hydrogen peroxide exhibited a strong dependence on the pH of the reaction mixture, viz. a decrease in reaction rate with increasing pH from 1.0 to 7.0. For a 2.5 x 10 -4 mol·dm -3 Cr(VI) solution, a H 2 O 2 concentration of at least 10 times the initial Cr(VI) concentration was required for complete reduction in this pH range. Neither the ionic strength of the reaction mixture, nor the presence of a radical scavenger had an effect on the rate of the ratedetermining step. From the temperature dependence of the reaction the activation enthalpy (∆H ·s -1 and K a the acid dissociation constant of H 2 CrO 4 . A reaction mechanism in which a Cr(VI)/H 2 O 2 adduct is formed in the rate determining step, is proposed. The theoretical rate law that can be derived from this mechanism is in agreement with the empirical rate law.
Introduction
Although chromium has found many useful industrial applications, the impact of the chromium industry on the receiving environment is extensive, complicated and not fully quantified. Landfill disposal of waste containing chromium is common practice arising from industrial chromium production as well as chromium utilising industries (Kimbrough et al., 1999) . Contaminated landfill sites and industrial effluents are likely to contain only trivalent chromium, Cr(III), and hexavalent chromium, Cr(VI). Divalent chromium, Cr(II), is unstable and rapidly oxidised to Cr(III). Elemental chromium, Cr(0), is also oxidised to Cr(III) unless it is stabilised by superficial oxidation.
Hexavalent chromium is considered toxic and carcinogenic (Yassi and Nieboer, 1988) , whereas trivalent chromium is a trace nutrient for humans and animals alike (Wong and Trevors, 1988) . The industrial and environmental importance of the reduction of Cr(VI) is emphasised by this fact. In the South African context this reduction process is even more important since South Africa is considered the largest chromite and ferrochromium producing country, as well as the 6 th largest stainless-steel producing country in the world. It is estimated that South Africa holds approximately 72% of the world's chromium reserves (UCT, 2001) .
The low solubility of Cr(III) solids (mostly Cr 2 O 3 and Cr(OH) 3 ) is likely to be the major reason why Cr(III) generally makes up a small percentage of the total chromium concentration in polluted groundwater (Calder, 1988) . Mobilisation of the Cr(OH) 3 precipitate is slow, unless enhanced by dissolution in strong acidic environments or complexation with organics (Rai et al., 1987) . Oxidation of Cr(III) is mostly achieved through MnO 2 , which acts as a catalyst (Rai et al., 1989) .
In contrast, there are no significant solubility constraints in groundwater for Cr(VI) (Rai et al., 1989) . When Cr(VI) is transported by groundwater, it may be transformed to and precipitated as Cr(III). However, the reducing capability of a soil is limited to the amounts of reductant (organics, Fe(II), sulphides, etc.) present. Hence excessive chromium loading on soil might not only upset, but destroy the natural balance, giving way to Cr(VI) formation, even if the original load was exclusively Cr(III). Due to the toxicity and carcinogenicity of Cr (VI), the USEPA (2002) has set a drinking water limit for chromium of 0.05 mg·ℓ -1 (Calder, 1988) . As a result, the removal of Cr (VI) from industrial wastewater has become necessary in order to avoid contamination of water sources.
Despite numerous studies, there are still many uncertainties regarding the kinetics and reaction mechanism of the reduction reactions of Cr(VI). During a survey of relevant scientific literature, the importance of hydrogen peroxide as reducing agent of Cr(VI) became apparent. Hydrogen peroxide is a strong oxidising agent that is commonly used in water purification. The chemistry of hydrogen peroxide and chromium is, however, complex and involves ligand exchange, proton transfer, olimerisation, and redox reactions (Baloga, 1961) .
Several investigations have been conducted on the reduction of Cr(VI) by H 2 O 2 (Moore et al., 1966; Orhanovic and Wilkins, 1967; Adams et al., 1968; Bartlett and Quane, 1973; Funahashi et al., 1978; Witt and Hayes, 1982; Perez-Benito and Arias, 1997; Zhang and Lay, 1998 , Gili et al., 2002 and Vander Griend et al., 2002 . However, the use of buffers and the relatively limited pH range in which these studies were carried out, make the results less applicable for industrial applications. Certain buffers take part in the reaction and have an influence on the reaction rate (Perez-Benito and Arias, 1997) . In this study we report the kinetics of the reduction of Cr(VI) by H 2 O 2 over a wide pH range (1.0 to 7.0) as a function of numerous rate-determining factors that include for the first time the pressure dependence from which the volume of activation can be calculated. ) was used to make up all solutions.
Methods
A variety of analytical methods can by employed to determine the chromium concentration in aqueous solution (Vogel, 1989) . Due to its relative ease of use and the fact that concentration changes can be monitored as they occur, the direct photometric absorption measurement method was chosen as the standard procedure to monitor the aqueous concentration of Cr(VI). All kinetic experiments at ambient pressure were carried out on a SX-17MV stopped-flow spectrophotometer from Applied Photophysics or a Varian Cary 50 Conc UV spectrophotometer. A custom-built high-pressure stopped-flow system at the Institute for Inorganic Chemistry, University of Erlangen-Nürnberg was used for collecting experimental data at elevated pressure (Van Eldik, 1993) . The temperature of all reactant mixtures was kept constant to 0.1°C at the given temperature with a Haake F3 Fisons thermostatic water bath. The pH of the various reagent solutions and reaction mixtures was measured with a Metrohm 744 pH meter, fitted with a combined glass-calomel electrode. The KCl solution in the salt bridge was replaced by an NaCl solution to prevent precipitation of KClO 4 in the salt bridge. The pH meter was calibrated daily with standard buffer solutions (pH 4.0, 7.0 and 10.0).
First-order rate constants were calculated with the Olis Kinfit software package and data fitting was performed with the solver module in Excell ® (Microsoft ® ).
Results and discussion

Characteristics of the Cr(VI)/H 2 O 2 reaction system
The reaction of Cr(VI) with hydrogen peroxide depends on the speciation and the redox potentials of the reagents. Experimental conditions were selected by taking these properties into consideration. Aqueous Cr(VI) can mainly be represented by the following equilibria: . The total concentration of dissolved chromate in the 6+ oxidation state is referred to as Cr(VI). Since concentrations of Na 2 Cr 2 O 7 , NaCr 2 O 7 -and Cr 2 O 7 2-in dilute aqueous solutions are very low, Cr(VI) can be defined as:
In this paper all results will therefore be discussed in terms of [Cr(VI)]. The important species in the Cr(VI)/H 2 O 2 system are summarised in Fig. 1 . Hydrogen peroxide is a weak acid and HO 2 -will form only in significant concentrations at pH > 10. H 2 CrO 4 is a minor species even at pH 1. Over the pH range 1 to 6 the major species is HCrO 4 -while CrO 4 2-becomes the major species at pH > 6.
The E/V SHE -pH diagram shown in Fig. 2 (Beverskog and Puigdomenech, 1996) provides a generalised depiction of the major aqueous chromium species and redox stabilities under conditions of chemical equilibrium. From the standard electrode potentials given in Fig. 2 it is apparent that Cr(VI) becomes a weaker oxidant as chromic acid de-protonates at higher pH. 
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H 2 O 2 is thermodynamically unstable:
The standard electrode potentials for Eqs. (5) and (6) show that H 2 O 2 is a strong oxidant, but can also act as a reductant in the presence of very strong oxidants (Cotton et al., 1999) :
According to the Nernst equation, this potential will change by -59.2 mV pH -1 with a change in pH (Rieger, 1994) .
Spectral characteristics of the Cr(VI)/H 2 O 2 reaction system
Cr(IV) has a distinctive UV/visible spectrum with a large molar absorption coefficient of 1550 dm 
Effects of pH on Cr(VI) reduction
The influence of pH on the reduction of Cr(VI) by H 2 O 2 was investigated for 2.5 x 10 -4 mol dm -3 Cr(VI) and 2.5 x 10 -2 mol·dm -3
The observed first-order rate constants for the decrease in [Cr(VI)] as a function of pH, given in Fig. 3 , show that the pH of the reaction mixture has a significant effect on the reduction rate.
At pH > 5, very long reaction times together with large H 2 O 2 concentrations were required to reduce Cr(VI) successfully. No further investigations into the reduction of Cr(VI) by H 2 O 2 were therefore conducted at pH > 7.
During this investigation, buffered reaction mixtures were used. Any drift in pH due to the formation of reaction products, would obviously influence the reduction rate. The effect of pH drift on the reaction is reflected by the shapes of the kinetic traces at different pH values. In buffered or non-buffered reaction mixtures where the pH drift was relatively small (pH 3), typical first-order kinetic traces were observed.
Reagent concentration dependence [H 2 O 2 ] dependence
As shown in the previous section, the initial pH of the reaction mixture is of great importance for effective reduction of aqueous Cr(VI) by H 2 O 2 . The optimum range for Cr(VI) reduction by H 2 O 2 seems to be at low pH values. From the distribution curve of the different Cr(VI) and H 2 O 2 species (Fig. 1) , it is clear that the largest changes in speciation occur between pH 4 and 7. At pH = 3.0, there is only one Cr(VI) species, HCrO 4 -, and one hydrogen peroxide species, H 2 O 2 , present in high concentration and no buffer is needed since no significant pH drift occurs at this pH value during the reaction. pH = 3.0 was therefore chosen as an appropriate pH to investigate the required dosage of H 2 O 2 .
Perez-Benito and Arias (1997) (Fig. 1) .
It was also found that the reaction rate has a first-order dependence on the [H 2 O 2 ] (see Fig. 4 ).
[Cr(VI)] dependence
Under pseudo-first-order conditions the observed rate constants showed a zero-order dependence on the [Cr(VI)] (see Fig. 5 ). (Fig. 1) . The results are given in Fig. 6 by using the well-known Eq. (9) . In such a plot the interaction of two single charged molecules of the same charge (i.e. a reaction between singly charged cations or anions) will be represented by a slope of 1, two singly charged molecules with opposite charge (i.e. a reaction between a cation and an anion) by a slope of -1 and the interaction involving a neutral molecule will have a slope of zero. (9) From Fig. 6 it can be seen that the slope does not deviate much from zero. This is an indication of uncharged particles involved in the rate-determining step of the process. By considering the distribution of the reagent species (Fig. 1) for the Cr(VI)/H 2 O 2 system, a reaction between H 2 CrO 4 /HCrO 4 -and H 2 O 2 is possible under these conditions.
Effect of radical scavengers
Several authors have already speculated about the possible role of radical scavengers in the reduction of Cr(VI) by H 2 O 2 (Moore et al., 1966; Adams et al., 1968; Funahashi et al., 1978 and Shi et al., 1994) . However, the effect of radical scavengers was not investigated in more detail in the mentioned studies. Compounds such as ethanol and tertiary-butanol have in the past been used as radical scavenger in metal/H 2 O 2 systems. Some of these radical scavengers are more effective with respect to hydroxyl radicals than others. Ethanol is regarded as an effective scavenger for hydroxyl radicals (Deister and Warneck, 1990) and was therefore chosen to investigate the role of radicals in the Cr(VI)/H 2 O 2 system.
Temperature dependence
The temperature dependence of a first-order rate constant, k obs , of a reaction can be described by the Eyring equation (Eq. (10) The reaction was investigated at pH = 3.0 over the temperature range from 10 to 35°C in the presence of an excess H 2 O 2 . ∆H' ≠ , was calculated from the slope and the activation entropy, ∆S' ≠ , from the intercept of a straight line in Fig. 7 .
Pressure dependence
The volume of activation, ∆V ≠ , can be obtained from the pressure dependence of a rate constant, which can be expressed as: (11) A plot of ln k vs. pressure is shown in Fig. 8 . From the slope of the plot, ∆Vwas estimated to be -6.2 ± 0.5 cm . The rate constant clearly increases with increasing pressure, which is coupled to a negative volume of activation. This is an indication of an associative process, which can be correlated with a bond formation reaction in the rate-determining step.
Discussion of kinetic data
The experimental data in Fig. 3 were fitted to the empirical equation that is expected for a rate-determining reaction that is 
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preceded by an acid-base equilibrium:
where: k' is a first-order rate constant K a a deprotonation constant
In order to account for the increase in reaction rate with decreasing pH, one needs to consider the speciation of both Cr(VI) and H 2 O 2 under the selected reaction conditions. The dominant Cr(VI) species are H 2 CrO 4 at pH < 0, HCrO 4 -at pH 1 -6 and CrO 4 2-at pH > 6. From the electrode potentials given in Fig. 2 , it is apparent that the increase in reaction rate with decreasing pH can be attributed to H 2 CrO 4 which is the strongest oxidant of the aqueous Cr(VI) species. From Fig. 1 Fig. 3 , which means that K a is much larger than 0.1. The deviation from linearity in Fig. 3 is too small to calculate reliable values for both K a . and k'. The value for K a1 = 4.1 mol·dm -3 reported by Perez-Benito and Arias was used to calculate k' = 1210 ± 36 s -1 . From the concentration dependence studies it follows that the observed rate constant is not a function of the initial [Cr(VI)]. However, there is a linear dependence on the initial [H 2 O 2 ] under pseudo-first-order conditions. A proposed mechanism for the Cr(VI)/H 2 O 2 reaction system should satisfy the first-order dependence in [H 2 O 2 ] and the zero-order dependence in [Cr(VI)] in the rate law. Hence it follows that:
by comparing Eq. (12) and Eq. (13), it follows that:
From the data reported in Fig. 3 . This rate law correlates with all experimental results. The success to fit the experimental data with K a1 indicates that H 2 CrO 4 is responsible for the increased reactivity at low pH. No mathematical fit of the experimental data was possible when K a2 was used instead. A negligible difference in reaction rate for the reduction of Cr(VI) by H 2 O 2 in reaction mixtures with different ionic strength also indicates the presence of a neutral molecule (H 2 CrO 4 or H 2 O 2 ) in the ratedetermining step. The Cr-OH bond is labile to undergo substitution as indicated by the observation that a weak ligand such as sulphate can replace OH to form a Cr(VI) sulphate complex (Cotton et al., 1999) .
The participation of free radicals in at least the rate-determining step(s) can be eliminated due to the fact that the presence or absence of a radical scavenger had no effect on the reduction rate of Cr(VI).
The large negative value of ∆S ≠ indicates an associative reaction mechanism. On the other hand the small ∆H ≠ is in accordance with the high lability of the Cr(VI)-OH bond which facilitates substitution by a peroxo group. From the pressure dependence study the volume of activation (∆V ≠ ) of -6.1 ± 0.5 cm 3 ·mol -1 was calculated, which also points to an associative substitution process (see Discussion). It follows from the values of ∆S ≠ and ∆V ≠ that the transition state is highly ordered, since a negative activation entropy and a negative activation volume were observed. This also supports the idea that bond formation occurs during the rate-determining step.
Suggested mechanism
The following reaction scheme, which is in agreement with all experimental observations, is proposed for the redox process: The first step Reaction (14) represents the deprotonation equilibrium, followed by the rate-determining formation of the Cr(VI)/ H 2 O 2 adduct in Reaction (15). A similar reaction step was proposed by Moore et al. (1966), Orhanovic and Wilkins (1967) and Funahashi et al. (1978) . During this reaction an activated complex is formed via a substitution process that can either have an associative or dissociative character (see further discussion).
Although there is still a difference of opinion, most authors agree that the intermediate formed during this reaction is the blue peroxochromium(VI) complex CrO(O 2 ) 2 . Eqs. (18) and (20) represent the formation of the violet peroxochromium(VI) species, HCrO 6 -, in slightly acidic or neutral solutions (Witt and Hayes, 1982) .
The rapid formation of this compound has no effect on the rate law. Apart from the last step in the proposed mechanism, formation of the blue and violet intermediates probably progresses via a common mechanism. If it is taken into account that Eq. (15) is the only rate-determining step that contributes significantly to the overall reaction rate, the rate law can be written as: 
from which it follows that:
This theoretical rate law (Eq. (24)) is in agreement with the empirical rate law (Eq. (13)). According to the proposed reaction scheme, the reported activation parameters are for the overall second-order rate constant k 1 /K A . Thus, in terms of the experimental volume of activation, ∆V
, it consists of contributions associated with the formation of H 2 CrO 4 and the subsequent substitution process. During the protonation of HCrO 4 -in Eq. (14), charge neutralisation and a decrease in electrostriction are expected to cause a significant volume increase. Thus it is reasonable to expect a significantly negative value for ∆V(K A ) for the deprotonation equilibrium such that -∆V(K A ) will make a significant positive contribution to ∆V # exp . Since the experimentally observed volume of activation is significantly negative, it follows that ∆V # (k 1 ) must be even more negative to compensate for the expected positive contribution from -∆V(K A ). This suggests that the rate-determining step (Eq. (15)) must involve significant bond formation that is associated with a decrease in the partial molar volume and therefore a negative volume of activation (Van Eldik et al., 2000) . At this stage it is not possible to assign a definite value to ∆V # (k 1 ) since ∆V(K a ) is not known. However, we can conclude that hydrogen peroxide definitely enters the coordination sphere of H 2 CrO 4 in an associative manner, made possible through the protonation of HCrO 4 -. In terms of the structure of CrO 4 2-, protonation of the strongly coordinated oxo ligands leads to the formation of less strongly bound hydroxo ligands which can then be displaced in H 2 CrO 4 in an associative manner.
Conclusions
From the presented results the following conclusions can be drawn:
• The pH of the reaction mixture has a strong effect on the reduction rate of Cr(VI) by H 2 O 2 • During the non-buffered reduction of Cr(VI) by H 2 O 2 , a pH drift occurs which influences the reduction process • Fast and complete reduction of Cr(VI) is favoured at low pH initial (1.0 ≤ pH initial ≤ 4.0) • At pH initial > 7.0 a very large excess of H 2 O 2 is required for the effective reduction of Cr(VI) • The concentration of H 2 O 2 required for effective reduction of Cr(VI) seems to be in the order of [H 2 O 2 ] = 100 x [Cr(VI)] for 1.0 ≤ pH initial ≤ 4.0 • The proposed reaction mechanism is valid over a wide pH range (1 < pH < 7)
• New information acquired through the pressure dependence study supports the proposed reaction mechanism • The rate law satisfies the experimental data and corresponds with the empirical rate law • Calculation of the rate constants for the process is of significant value in terms of environmental impacts. Since the reaction can be an important reduction path for released Cr(VI) compounds in the atmosphere, the results of this study are relevant for industrial applications.
Although hydrogen peroxide would usually not be considered as the primary reductant for the removal of chromates, this study has shown that a hydrogen peroxide treatment of an acid effluent could simultaneously decrease the environmental impact of chromates.
